We describe Scaffold Hunter, a highly interactive computerbased tool for navigation in chemical space that fosters intuitive recognition of complex structural relationships associated with bioactivity. The program reads compound structures and bioactivity data, generates compound scaffolds, correlates them in a hierarchical tree-like arrangement, and annotates them with bioactivity. Brachiation along tree branches from structurally complex to simple scaffolds allows identification of new ligand types. We provide proof of concept for pyruvate kinase. more complex scaffolds to smaller scaffolds (by analogy to locomotion of primates along branches in botanical trees) may lead to less complex compound classes with the same types of activity.
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A tree generator automatically generates the scaffold hierarchy structure and database, and Scaffold Hunter constructs and displays the tree, maps the chemical structures on the nodes and represents the branches that reflect scaffold substructure relationships by radial lines. Concentric circles in the background mark hierarchy levels, and virtual scaffolds are displayed in gray (see Fig. 1 ; for further details of database generation and tree construction, see
Supplementary Methods).
If the number of the scaffolds in the database is too large to be displayed at once (over ~2,000 scaffolds), relevant parts of the library can be queried based on a scaffold property filter that can use all properties stored in the database, and the branches with matching scaffolds can be selected. Then, the tree is constructed and displayed on the screen for navigation-for example, by panning and zooming (moving to different parts of the tree and zooming in or out), opening and closing branches, and bookmarking or color shading scaffolds according to different criteria. Scaffold Hunter also allows scaffold selection and viewing of subtrees in new windows. The molecules corresponding to a scaffold can be viewed in a new tab with one mouse click on the scaffold. Several of these features are illustrated in Supplementary Movie 1.
In order to efficiently navigate chemical space and the associated biological space defined, for example, by screening of large compound libraries, methods are in high demand that foster intuitive recognition of complex structural and bioactivity relationships, that allow easy and interactive navigation in large datasets, and that facilitate the identification of new compound classes with desired bioactivity. Recent approaches often are based on abstract representations of structure or visualization of structural relationships based on hierarchical classification and arrangement of compound library scaffolds in static tree-like arrangements; these methods require experts for efficient use (see for example Distill, software from Tripos, www.tripos.com) [1] [2] [3] [4] [5] .
Here we describe Scaffold Hunter, an interactive tool for intuitive hierarchical structuring, visualization and analysis of complex structure and bioactivity data, and we further describe its use for navigation in and exploration of chemical space to identify scaffolds of compounds endowed with a desired activity. The program reads data, for example, from biochemical screens, extracts chemically meaningful compound scaffolds 6 (that is, all carbo-and heterocyclic rings, their aliphatic linker bonds and atoms attached via a double bond) and iteratively removes one ring at a time from the larger 'child' scaffolds to generate smaller 'parent' scaffolds according to a set of chemistry-and medicinal chemistry-derived rules (see Fig. 1 ) 7 . Hierarchical arrangement of parents and children yields branches that are combined to form a tree. 'Virtual scaffolds' that do not exist in the dataset yet that occupy intermediate positions are constructed in silico and added. 'Brachiation' 8,9 along the branches from larger, Figure 1 Illustration of the scaffold tree generation procedure using a scaffold tree branch generated from the indole alkaloid ergotamine. A chemically meaningful scaffold is extracted and successively deconstructed one ring at a time. The ring to be pruned in the next step according to the set of rules is marked in bold. All generated scaffolds derive from the Dictionary of Natural Products (http://dnp.chemnetbase. com/intro/index.jsp), except for the virtual scaffold marked by the box. Scaffold Hunter identifies virtual scaffolds that do not represent molecules in the dataset, and that should share bioactivity properties with their parent or child scaffolds. The rules guiding the ring pruning procedure render virtual scaffolds chemically meaningful entities, and therefore virtual scaffolds may provide new opportunities for the identification of new biologically relevant scaffold classes (see Fig. 1 and Supplementary Fig. 1 ).
For initial proof of concept, we analyzed high-throughput screening data available from PubChem and subsequently searched literature data as contained in the WOMBAT 10 database for compounds with a PubChem virtual scaffold and biochemical activity on the same molecular target (for all molecular targets shared between PubChem and WOMBAT, see Supplementary Table 1) . To this end, we built a scaffold tree of the 765,135 ring-containing structures with annotated bioactivity defined by confirming concentration-dependant measurements in PubChem, and we annotated the molecular target of each screen with its UniProt ID (for further details see the Supplementary Methods). Next, virtual parents were identified (for the numbers of virtual scaffolds in the assays shared between PubChem and WOMBAT, see Supplementary Table 2) , and WOMBAT was queried for compounds that were annotated with bioactivity for the target of interest and that contained the virtual scaffold substructure. This query yielded 517 active compounds that represent 14 virtual scaffolds with activity on 5 different targets. One example for a virtual scaffold from a 5-HT 1A screen in PubChem and a more detailed overview of the individual scaffold family structures are given in Supplementary Figure 2 and Supplementary Tables 3 and 4 .
In order to demonstrate the possibility of prospective exploration of gaps in chemical space predicted from sets of biological data by means of Scaffold Hunter, we analyzed the PubChem pyruvate kinase screen of 51,415 unique molecules (pyruvate kinase assay data in PubChem, assay ID 361), which identified 472 inhibitors and 130 activators with AC 50 ≤ 10 µM (ref. 11; AC 50 denotes the compound concentration that leads to 50% of the activity of an inhibition or activation control). The corresponding scaffold tree includes 35,868 scaffolds distributed over 767 branches (the resulting database for visualization with Scaffold Hunter is available for download via the link at the end of this publication). Of these, 24% (8,684) were identified as virtual scaffolds. Filtering for scaffolds with mean AC 50 values < 10 µM yielded a focused scaffold tree, which enabled the identification of virtual scaffolds that are close neighbors to the scaffolds of active molecules (Fig. 2) . This highly interactive and intuitive analysis is demonstrated in Supplementary Movie 2.
From the resulting 65 virtual scaffolds related to scaffolds with a mean AC 50 < 100 µM (for selected examples see Fig. 2 and Supplementary Table 5), we selected four based on the potency of compounds incorporating the neighboring scaffolds and on compound availability. We obtained 107 compounds embodying these virtual scaffolds as substructures (see Supplementary Tables 6 and 7) . We screened the compounds 11 and then determined half-maximal inhibitory concentration (IC 50 ) values to yield nine pyruvate kinase inhibitors and activators with IC 50 values in the 1-10 µM range (see Fig. 2 and Supplementary  Table 8) . A search in Chemical Abstracts using SciFinder 12 revealed that none of the compounds or their scaffolds has been described as an inhibitor or activator of pyruvate kinase so far. The type of activity matched the activity of the compounds in the guiding tree branches. Notably, brachiation from the scaffolds stemming from the original dataset to the newly identified inhibitors included more than one brachiation step, which demonstrates the potential of this approach to efficiently guide potential synthesis efforts.
Further characterization of hits with regard to compliance with the Rule-of-Five 13 and the lead likeness criteria derived previously 14 revealed that all hits match both criteria. The ligand binding efficiencies 15 of the compounds discovered with Scaffold Hunter and the hits discovered in the PubChem screen compare well (see Fig. 2d) .
A negative control screen of compound collections based on virtual scaffolds from branches mainly representing inactive compounds revealed that they show little or no activity (for details see Supplementary Table 9 ).
These results demonstrate that Scaffold Hunter is a powerful cheminformatics tool for the efficient analysis of information-rich datasets obtained, for example, from biochemical or biological screening of large compound libraries and for the navigation of the associated chemical and biological space. It fosters recognition of complex structural relationships associated with bioactivity in a manner that is highly interactive and intuitively accessible to the educated nonspecialist (that is, to chemists and biologists with non-expert knowledge in cheminformatics), and it facilitates easy and interactive navigation in large datasets and the chemical space associated with them and also allows for the identification of new scaffold and compound classes endowed with a desired activity.
Scaffold Hunter efficiently and rapidly navigates large chemical and biological spaces and enables easy, highly interactive, user-oriented and intuitive data interpretation and analysis. Virtual scaffolds identified by brachiation along the branches of the tree, which represent gaps in the chemical space covered by the analyzed compound library, are valid starting points for the prospective development of new ligand types, as demonstrated by the brachiation-guided identification of new scaffolds for pyruvate kinase inhibitors and activators. The hit rate of 10% for the screening of the focused compound library investigated here is substantially higher than the average hit rate of 0.34% observed in PubChem high-throughput screening campaigns. The hit rate of the PubChem screen used in our analysis was 1% at a 10 µM cutoff.
We note that Scaffold Hunter is not designed for the delineation of classical structure-activity relationships, which are often dictated by the nature and properties of substituents attached to the scaffolds of active compound classes. These are pruned in the construction of the scaffold tree. Rather, the program's strength lies in the identification of new starting points in chemical space to guide subsequent synthesis efforts-that is, in hypothesis generation. We also note that the gaps in chemical space identified by means of Scaffold Hunter define virtual scaffolds, not real compounds. Such virtual scaffolds should be used as cores of small focused libraries to be synthesized or acquired. The substituents decorating a scaffold often determine the interactions with the protein of interest, whereas the scaffold may primarily orient them appropriately in space. Thus each selected virtual scaffold should be equipped with a diverse set of substituents to generate a small focused library. Although the examples described above are not sufficient to claim general applicability, they show that focused libraries based on selected virtual scaffolds yield potentially bioactive molecules in a variety of cases and in a very intuitive and straightforward manner.
Consequently, if biochemical activity propagates within one scaffold branch, it might be expected that the same holds true for inactivity. However, the brachiation approach identifies only those branches that are more enriched with biochemical activity, focusing on scaffolds of active compounds. This does not imply that other branches will generally be devoid of active compound classes, given that the binding sites of proteins typically can accommodate different chemotypes.
In addition to the application described above, we envision that Scaffold Hunter may serve as a powerful tool for compound library management-for example, for mapping of different compound collections onto each other. Thus it may facilitate decision making about structural motifs for library extension by means of new synthesis or acquisition. Owing to its quick and chemically intuitive overview of chemical space annotated with biochemical or biological activity, it may also qualify for the selection and prioritization of hits from primary screens.
Scaffold Hunter is available free of charge as open source under the GNU General Public License (GPL3). Program versions used for this publication are available for download as Supplementary Software 1; current program versions are available at http://www.scaffoldhunter.com and from SourceForge (http://sourceforge.net/projects/scaffoldhunter/). The Scaffold Hunter dataset for the pyruvate kinase screen used in this publication and detailed installation instructions for the MySQL database are available from the eDoc server of the Max Planck Society (http://edoc. mpg.de/display.epl?mode=doc&id=429252).
Note: Supplementary information is available on the Nature Chemical Biology website.
